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technical direction of Air Force Project Engineer, Mr. Harold C,.
Croop (AFWAL/FIBCB).

Administrative project supervision at the UDRI was
provided by Mr. Dale H. Whitford (Supervisor, Aerospace

Mechanics Division), and technical supervision was provided by
Dr. Fred K. Bogner (Group Leader, Analytical Mechanics Group).
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SECTION 1
INTRODUCTION

Structural sandwich composites form a very important part
of the total materials pool available to structural designers.
The high strength-to-weight ratio which is characteristic of
| structural composites often gives them a favorable position over
more conventional materials for structural applications for which
weight is a limiting or controlling factor in the material
selection. Consequently, structural sandwich composites are used
widely for various applications; in particular, they are

especially valuable for aerospace applications due to their high
strength and low weight traits.

Since structural sandwich composites are used in many
structures for which low weight is a desirable property, they
are natural candidates for application of mathematical optimum
design techniques. The consideration of sandwich in minimum
weight design studies offers greater challenge and wider
opportunity for significant weight reduction, because additional
design parameters are available for adjustment by the structural
designer. For example, in addition to the normal design
parameters such as panel thickness and material, the designer
of sandwich panels can choose the thickness of individual faces,
the thickness of the core, the type of core, the core material,
as well as parameters which control the density of the core.

Although the availability of numerous design variables
offers the creative designer opportunities which would not normally
exist, the process of optimum design of sandwich is necessarily
more complex. The purpose of this report is to present an
approach to the minimum weight design of sandwich panels.
Section 1 defines the scope of the study, and presents a body
of literature concerned with the design of structural sandwich
composites. Section 2 is concerned with a development of the
mathematical representation of the problem of the minimum




weight design of sandwich panels. The general constrained
minimization technique used is discussed. Also, the mathematical
representation of the sandwich design parameters, weight, and
design constraints within the framework of the selected
optimization procedure are presented. A description of the
computer program which was developed to implement the sandwich
panel minimum weight design procedure is presented in Section 3.
Instructions for operation of the interactive program are given,
and typical applications of the program to representative design
examples are considered. Section 4 concludes that the results
obtained in this panel optimization study are very encouraging,
and recommends that efforts be undertaken to apply minimization
techniques to more general structures which contain sandwich.

1.1 SCOPE

This report is concerned with the automated minimum
weight design of flat, rectangular, sandwich panels subjected
to edgewise compression loads (Paragraph 2.3 gives a more
complete description of the particular geometrical, material,
and loading configurations considered). The rather narrow

problem scope was selected as a basis for demonstrating that

l application of mathematical constrained optimization techniques
to the design of sandwich construction is both feasible and
practical. The sandwich panel design problem considered contains
all of the basic ingredients of a more complex problem for
which sandwich panels are only individual components. That is,
design parameters and design parameter constraints are used
which are not normally considered in more conventional designs.
It is recommended in Section 4 that further work is warranted
in combining the advantages of mathematical programming approaches
in individual panel design (this study), with the optimality design
techniques used for overall design of more extensive structures

which contain panels as individual components.




1.2 LITERATURE

Quite a large body of literature exists concerning the
general topic of optimum structural design and the more specific
subject of optimum sandwich composites design. A complete
review of the pertinent literature is not attempted here.
Instead we merely provide a bibliography of sources (Appendix A)
which pertain to the subject. The bibliographic list has been
compiled from the Structural Sandwich Composites Bibliography
of Reference 1.




SECTION 2
TECHNICAL APPROACH

This section presents the mathematical basis for the
computer program described in Section 3. The sandwich
optimization study considered in this report is put into the
general framework of a general constrained optimization problem
(Paragraph 2.1), and solutions are obtained using an approach
called the sequential unconstrained minimization technique
(Paragraph 2.2). The particular qeometry, material, and loading
of the sandwich panel studied are defined in Paragraph 2.3, and
the parameters chosen for performing optimization studies are
defined in Paragraph 2.4. The equations which quantify the
objective function (weight in this study) and the constraints
on the design parameters are given in Paragraphs 2.5 and 2.6.

2.1 GENERAL CONSTRAINED OPTIMIZATION PROBLEM

The constrained optimization approach has been selected
for this sandwich panel optimization study. A complete account
of this method is found in References 2 and 3. A brief description
of constrained optimization is presented here for completeness.

A statement of a constrained optimization problem in
mathematical terms is:

Select design parameters d;,...,d, such that an
objective function W(dj,...,dp) is minimized, subject
to the inequality design parameter constraint functions, (2.1)
gj(dy,...,dy) >0, i =1,...,N, and the equality design
parameter constraints, Hj(dj,...,dp) =0, i =1,...,M.

In physical terms, the n design parameters dl,...,dn can
be viewed as the axes of an n~-dimensional, orthogonal coordinate
space on which the objective function W(dj;,...,d,) is defined.
Each point of this n-dimensional space represents a possible set
of design parameters. The constraint functions serve to divide
the total design parameter space into acceptable and unacceptable




regions as far as valid designs are concerned. Then the
optimization problem can be visualized as the selection of that
point in the acceptable region of the design space which
corresponds to the minimum value of the objective function.

There are essentially two general approaches which can
be used to solve the optimization problem stated above; these
basic techniques are known as direct methods and indirect
methods. The direct methods employ a function minimization

scheme which operates directly on the objective function, with

the constraints being considered as limiting surfaces. Specialized
technigues have been developed for determining whether an

optimum has been attained upon encountering constraints and for
proceeding with the optimization if necessary. The indirect
methods, on the other hand, rely on a reformulation of the

problem which converts the constrained optimization problem into

an unconstrained optimization problem. This is an extremely
attractive approach since it means that standard, well established
unconstrained minimization techniques can be used to obtain an

optimum design.

l The indirect approach has been chosen for the optimization
of sandwich panels reported here. In particular, the Sequential
Unconstrained Minimization Technique developed by Fiacco and
McCormick has been used to obtain the set of design parameters
which yield an optimum weight sandwich component. This method
is described briefly in the following paragraph.

2.2 SEQUENTIAL UNCONSTRAINED MINIMIZATION TECHNIQUE

The Sequential Unconstrained Minimization Technique (SUMT)
has been chosen due to its proven applicability combined with
the fact that it is simple and relatively foolproof to use.

The mathematical theory behind this method is contained in
Reference 4 while examples of the application of the technique
to various optimization problems are given in Reference 5. The
particular form of the SUMT which is used generates intermediate




designs which all lie inside the acceptable region of the design

space.

The basic idea behind the SUMT is relatively simple. 1In
this approach the objective function is augmented with a "penalty
function" which is designed to contain the effects of the design
constraints. Then a sequence of unconstrained minimizations is
performed on the new functions, with each successive minimization
producing a result which is closer to the true optimum.

In equation form, the SUMT objective function is

N

o(r;dl,...,dn) = w(dl,...,dn) - r'i 1a gi(dl,...,dn)

i=1

2
M Hi(dl""'dn)

+ X {2.2)

i=1 r

where r is a parameter which controls the magnitude of the
penalty function (the last two terms in Equation 2.2); if r = 0
then & = W. The general idea behind the SUMT is to select a
value for r, perform a minimization, reduce r, perform another
minimization, etc., until r is made sufficiently small that

l min & » min W. References 2, 4, and 5 contain more complete
discussions of the theory of this method.

The following algorithm has been used in applying the
Sequential Unconstrained Minimization Technique to an
optimization problem (refer to Figure 1l):

(a) Pick a starting value for r and select an initial

set of design parameters (dl,...,dn)o satisfying
all the constraints (Equation 2.3).

(b) Minimize ¢ (Equation 2.2) to obtain (dl""’dn)M’
where M denotes the Mth pass through the
algorithm.

(c) Check for convergence to the optimum.




_'.l Start:
Choose values for
r and (d,, dg,.....,dp),

L

.2_|Minimize ® starting
from(d,, do,......... »dn)s

True;’ Terminate

5| Initialize the
minimizer and pick
a new(d;,do,..... +dno

Figure 1. SUMT lLogic Diagram.
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(d) 1If the convergence criterion is not met, reduce
r by r «—cr, where ¢ < 1.

(e) Compute a new starting point for the minimization,
initialize the minimization algorithm, and repeat
from Step 1.

2.3 STRUCTURE AND LOADING

The class of structure and locading considered for this
initial sandwich optimization study is that represented in
Chapter 5 of the MIL--HDBK-23A.6
reported study is directed at simply-supported, rectangular,

In particular, the

three layer, sandwich plates subjected to inplane compression
loads.

The geometry of the subject sandwich plates is shown in
Figure 2. The planform dimensions are denoted by a and b. The

two face plates are of uniform but different thicknesses tl

and t2’ and the core has uniform thickness tc. The total
thickness of the sandwich is taken as the sum of the three
layer thicknesses 4 = t, + t2 +t, assuming that the
bonding material has zero thickness.

The faces are assumed to be conventional thin plates
with orthotropic material properties denoted by Eix' Eiy' Gixy'
ixy’ Viyx’ however, computations are based on effective
compressive moduli defined by E{ = /ij Eiy' The core is
assumed to have no inplane stiffness at all; however, the

\Y

transverse shear moduli are represented by Gc '

X2 and Gc

and the transverse elastic modulus is given by Ecz'

Yz

The permissible loadings consist of uniform inplane
compression loads as shown in Figure 3. A single load
condition can consist of a uniform load ﬁx compressing the
panel in the x-direction, or a uniform load ﬁy compressing :
the panel in the y-direction.




Sandwich Panel Geometry.

Figure 2.
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Figure 3. Panel Loading.




2.4 SANDWICH PANEL DESIGN PARAMETERS

For the purpose of this sandwich panel optimization study
it is assumed that the planform dimensions of the panel and the
material of the faces and core are predetermined. The design
parameters dl""'dn of Equation 2.1 consist of the thicknesses
of the constituent parts of the sandwich panel together with
parameters that control the density of the core depending on
the type of core used - either honeycomb or foam.

For the design of sandwich panels having honeycomb core
there are five possible design parameters:

1. Face 1 thickness, tl
2. Face 2 thickness, t2
3. Core thickness, tc
4. Honeycomb cell size, s

5. Honeycomb foil thickness, tf

In the case of foam core sandwich four design parameters are

available:
1. Face 1 thickness, t1
2., Face 2 thickness, t,
3. Core thickness, tc
4, Core density, P

The various possible design parameters noted above can be
selected in any numbers and combinations.

2.5 SANDWICH PANEL MERIT FUNCTIONS

The merit or objective function W(dl,...,dn) of Equation
2.1 has been taken to be the total weight of a sandwich panel.
The bonding material weight will be approximately constant for
a panel of specified planform dimensions regardless of the
particular values of the design parameters; therefore, the weight
of the bonding agent has been excluded from the panel weight W.

11
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The expressions for the objective function for particular
types of core materials are:

1. Hexagonal Cell Honeycomb Core

8t_p
£ f
W(tl,tz,tc,s,tf) = (pltl + oty + th)A (2.3a)
2. Square Cell Honeycomb Core
thof
3. Foam Core
W(tl,tz,tc,pc) = (plt1 + p2t2 + pctc)A (2.3c)

The design parameters have been defined in the previous paragraph.
The face and honeycomb material densities Pyr Py and pg are
considered to be predetermined quantities, as is the panel
planform area A.

2.6 SANDWICH PANEL DESIGN PARAMETER CONSTRAINTS

To make the minimum weight design of sandwich panels more
realistic, numerous design parameter constraints are imposed.
All of the constraints are of the inequality type (N > 0, M= 0
in Equation 2.1).

The particular inequality constraints g; > 0, i=1,...,N
imposed on the design parameters of Paragraph 2.4 are given below.
Each constraint is designed so that if it is close to being
violated, then the constraint value will be a small positive
number.

1. Minimum Face 1 Thickness




Minimum Face 2 Thickness

t
2
g, = -1
2 t2min

Maximum Sandwich Thickness

o, t, +t,
93 C I

+tc

Minimum Core Thickness

Minimum Honeycomb Foil Thickness

gg = -1
3 temin

Minimum Honeycomb Cell Size

Maximum Honeycomb Cell Size

Smax
9g = 5 "1

Compressive Yield of Face 1l

2E3)

N EZ/(t.El + t.E
9 = 1 - —-—5+
1

13

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

b




10.

11.

12.

13.

14.

Compressive Yield of Face 2
N E;/(t Ef + t _E’)
27 ""171 272

d19=1 - ¥, (2.13)

Wrinkling of Face 1 - Honeycomb Core

o N El/(tlE1 + tzEz)
gll (F ) (2.14)
lw he

where,
(Flw) = (Equation 3:6, Reference 6)
he

Wrinkling of Face 2 - Honeycomb Core

- N EZ/(tlEl + t2E2)
912 =+ 7 TTUE, ) (2.15)
2w h
c
where,
(FZW) = (Equation 3:6, Reference 6)

he

Wrinkling of Face 1 - Foam Core

o1 N El/(tlEl + t2E2)
913 (F]_w) (2.16)
foam

(Flw) = (Equation 3:1, Reference 6)
foam
Wrinkling of Face 2 - Foam Core
o1 N E5/(t E{ + t,EJ)
914 —(Fy,)

(2.17)
foam

14




15. Dimpling of Face 1 - Honeycomb Core

N El/(t1 1 + t E )

g =] = (2.18)
15 FlD
where,
B t,°
Fip =2 1) &7
_ _ oyl
Al 1l v©.,
16. Dimpling of Face 2 - Honeycomb Core
o =1 - N E?_/(t;1 1 + t;E5) .19
16 an .
17. Panel Buckling
_ N
917 1l - N (2.20)
B
where,
NB = (Critical buckling load from
Chapter 5, Reference 6)
18. Panel Buckling - Loading in Two Directions
N N
_ X Y
918 T 8- " 2.21
18 e Nyp ( )
where,
NxB' N B = (Critical buckling loads
Y acting individually)
15
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Not all of the constraints will necessarily be used for a
particular design problem. For example, if the thickness of
Face 1 is not taken as a design variable then g, would not be
used. In the case of multiple loading conditions, multiple
sets of constraints 9-18 are necessary.

The constraint functions have been designed so that:

(a) a positive value indicates a design point in the
acceptable portion of the design space,

{b) a negative value indicates a design point in the
unacceptable region, and

(c) a positive value near zero indicates a design
point on the boundary of the acceptable region.

16
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SECTION 3
IMPLEMENTATION

This section contains information concerning the computer
program which implements the procedure, presented in Section 2, for
designing sandwich panels for minimum weight. The computer
program SANOPT is operational on the ASD CYBER computers at
Wright-Patterson Air Force Base. The FORTRAN source code
(Appendix B) is resident on the ASD permanent disc storage
files. The present version of the program is intended for
interactive usage through remote terminals via INTERCOM. The
program operates interactively, and executes entirely in-core.
21,320 octal words of central memory are required to load, and
37,700 octal words are necessary for execution.

3.1 PROGRAM ORGANIZATION

SANOPT is organized in overlay format with one main
overlay and five primary overlays. The overlay structure is
as follows:

OVERLAY OVERLAY OVERLAY
LEVEL NAME FUNCTION
(0.0) SANOPT Main overlay and program driver.

Contains the field interactive input
data reader. Reads in control
information, data to start the
problem and directs calls to the
primary overlays.

(0.1) LONGER Primary overlay to read input data
and initialize design parameters.
The parameters along with their
description are printed out on the
user terminal.

(2.0) SHORT Primary overlay same as above, but
only the parameter names without their
description are printed out on the
user terminal.

(3.0) SUMT Primary overlay, contains the program
for sequential unconstrained

17




(4.0) OUTPUT

(5.0) ALTER

3.2 INPUT VARIABLES

interactively by SANOPT:

minimization algorithm (see Reference 7
for details).

Primary overlay contains statements
used to print out information on the
results of the optimization problem.

Primary overlay contains input data
reader. It allows the user to change
any data read in the overlays LONGER
or SHORT.

The following describes

the quantities which are requested

VARIABLE DEFINITION
FCT Type of Core
= Y: Honeycomb
= N: Foam
TPE Type of Cell for Honeycomb Core
= H: Hexagon
= S: Square
FI Type of Face Panels
= Y: Isotropic
= N: Orthotropic
LTP Load Type
= 1: Edgewise compression in X-direction
= 2: Edgewise compression in Y~direction
= 3: Edgewise shear
= 4: Edge moment in X-direction
} = 5: Edge moment in Y-direction
i = 6: Transverse shear in X-direction
i = 7: Transverse shear in Y-direction
: = 8: Transverse normal load
| = 9: Combined loads
é =10: Multiple loads
i (Types 3-10 are not active)
: IED Panel Edge Conditions
; = 1: All edges simply supported
f = 2: X-direction clamped
= 3: Y-direction clamped
= 4: All edges clamped
18
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BB
XNBAR
NLT

LC

T1,T2
TC

RHOC

TF
1DV

D

RHO , RHOF
RHOC

E

F

GO

R
E},Eix,Ejy
PRiX,PRjY
Gyxj

RHOj
YIELDj

'DF3

PR

'"““—"——-—----...,._,_________.___“___“-!!!!!!!!..’-

Edge Dimension in X-~-Direction
Edge Dimension in Y-Direction
Applied load

Number of different load types
Load type

Number of design variables
Thickness of face panels
Thickness of core

Density of foam

Size of cell for honeycomb core
Thickness of foil for honeycomb core
Design variable code

Thickness of sandwich panel
Density of foil for honeycomb core
Density of foam

Young's Modulus of core
Compressive strength of core
Transverse shear modulus of core
Ratio ch and ch of the core
Young's moduli for face j
Poisson's ratio for face j

Shear modulus for face j

Density of face j

Compressive yield stress

Deflection waviness of face j

19




3.3 SAMPLE TERMINAL SESSION

The input variables defined in Paragraph 3.2 are input
interactively by the user of SANOPT in response to prompts by
the program. The format of the prompts, together with the
variable definitions in the previous paragraph, make the data
input largely self-explanatory. This paragraph contains a
discussion of a sample terminal session which illustrates the
use of SANOPT to determine the particular configuration of a

sandwich panel which has minimum weight.

The objective of the design session is to select the
thicknesses of the two faces, the thickness of the hexagonal
honeycomb core, the honeycomb cell size, and the honeycomb
foil thickness of a sandwich panel with characteristics as
shown in Figure 4. The simply supported panel has planform
dimensions of 80 inches by 40 inches and is subjected to an
in-plane compressive load of 1000 lb/in on the 40 inch side.
The upper and lower face sheets are aluminum with Young's
modulus 30 x 10% psi, Poisson's ratio .25, and weight density
.1 1b/in3. The core is to be an aerospace grade 5052 alloy
hexagonal aluminum honeycomb selected from Figure 5.

Figures 6a-1 contain a sample interactive session with the
SANOPT sandwich panel optimization program. In the <an le
session the printouts which have not been underlined are either
informative comments or prompts which require some action by
the user: the underlined printouts are the responses by the user
to the various prompts. Each of the Figures 6a-l1 are considered
in turn below:

(a) Figure 6a

The "LOGIN" procedure and the program access routine
are illustrated in Figure 6a. After the computer (the ASD
CDC system) responds to the telephone dialup by identifying the
system, the date, and the time, the user responds to a series
of prompts by typing "LOGIN", a valid problem number, a password,
and a terminal identification number. The login process is then

20




Figure 4. Sandwich Panel Design Example.
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5052 ALLOY HEXAGONAL ALUMINUM HONEYCOMB

AEROSPACE GRADE

MEXCEL g COMPRESSIVE ﬁg PLATE SHEAR
HONEYCOMS | & Bare Seabilised e “L" Direction ‘W’ Direction
DESIGNATION |3 & AR
£ Strength Strangth Modulus Strength Modufuy  Strength  |Modulus
Cell-Material-Gage § psi psi ksi psi ksi psi ksi
typ min tyo min typical typ typ min | typical | typ min | typical
1/8-3052..0007| 3.1 270 200 290 215 73 130 210 155| 45.0 130 90| 22.0

1/8-3052-.001 | 4.5 | 520 a7rs 543 405 150 260 340 285 | 70.0 | 220 168} 310

1/8-5052-.0015| 6.1 870 650 910 680 240 450 508 455 | 98.0 | 320 272 410

1/8.5052..002 | 8.1 | 1400 1000 | 1470 1100 3s0 750 728 670 | 135 435 400 | 54.0

1/8-5052-.003 |12.0 | 2200p — 2325»¢ — 900P — 1100° -—_ -— 625 —_ —_
5/32-5052-.0007 | 2.6 | 200 150 215 160 Ss 90 165 120 | 37.0 |00 70 19.0
5/32-5052-.001 [ 3.8 | 39S 285 410 300 1o 185 270 215 | 56.0° | 175- 125 | 26.4
5/32-5052-.0015 | 5.3 | 690 490 720 535 195 340 420 370 | 84.0 | 270 215 | 360
5/32.5052-.002 | 6.9 | 1080 770 [ 1130 800 285 575 590 540 | 114 375 328 | 46.4
$/32-5052-.0025 | 8.4 | 1530 1070 | 1600 1180 370 800 760 690 | 140 475 420 | 56.0
3/16-5052-.0007 | 2.0 130 90 135 100 34 60 120 80 | 27.0 70 46 143
3/16-3032-.001 | 3.1 270 200 290 s 75 130 210 155 | 45.0 | 130 90 | 22.0
3/16-5052-.0015; 4.4 ) 300 360 323 ass 145 250 330 280 | 68.0 | 215 160 | 30.0
3/16.5052-.002 | 5.7 770 560 810 600 220 39%0 460 410 { 90.0 | 300 244 | 383
3/16-5,052-.0025 6.9 11080 770 | 1130 800 285 575 590 540 | 114 375 328 | 46.4
3/16-5052-.003 | 8.1 | 1400 1000 )} 1470 1100 350 750 725 670 | 135 455 400 | 54.0

t 1/4-5052-.0007 | 1.6 85 60 95 70 20 40 85 60| 21.0 50 32 11.0
1/4-3082-.001 | 2.3 165 120 175 130 43 75 140 100 | 32.0 s 57 | 16.2
1/4-5052-.0015| 3.4 | 320 240 340 250 90 150 233 180 | 50.0 | 150 105 | 240

1/4-5052-.002 | 4.3} 480 350 503 370 140 230 320 265 | 66.0 | 210 155 | 29.8
1/4-5052-.0025 | 5.2 | 670 S00 690 . 510 190 335 410 360 | 82.0 | 265 200 | 35.4
1/4-5052-.003 | 6.0 | 850 630 880 660 235 430 495 445 | 96.0 | 315 265 405
1/4-5052-.004 | 7.9} 1360 970 | 1420 1050 340 725 700 650 { 130 |440 3% 528

3/8-5052-.0007 | 1.0 30 20 45 20 10 25 45 32| 120 30 20 7.0
3/8-5052-.001 1.6 a5 60 95 70 20 40 85 60| 21.0 50 32 1.0
3/8-5052-0015) 2.3 145 120 175 130 45 75 140 100 | 32.0 85 57 16.2
H‘ 3/8-5052-.002 | 3.0 | 260 190 270 200 70 120 200 145 ] 43.0 | 125 85| 21.2

3/8-5052-.0025} 3.7 | 370 270 %0 285 105 180 260 200 | 55.0 | 170 115 | 26.0
3/8-5052-.003 | 4.2 | 460 335 | 485 355 135 220 0 255 65.0 | 200 150 | 29.0
3/8-5052-.004 | 54| 720 500 745 535 200 360 430 380] 86.0 | 280 228 368
3/8-5053-.005 65| 970 700 | 1020 750 263 505 345 500( 105 | as0 300] 438

Figure 5. Sample Honeycomb Data.
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A3D COMFUTER CENTER INTERCOM S.0
SYSTEM LC3A
DATE  12/05/80 TIME 12.01.0S.

FLEAZE LOGIN

LOGIN

ENTER FRUBLEM NUMBER-
BEBRBBENEE ENTER FASSWORD-
ENTER Z-DIOIT TERMINAL ID-_____

12/05/750 LOGLER IN AT  12.01.4¢4.
WITH UZER-ID WH
ERUIF/FORT 14&/017

LG IN CREATED 12/0%/80 TODAY 1o

Tl Lr EFGNDS LGMPILATIUN TIME
COMMANL- LGD

FOLLIWING IS THE MOST IRCCENT
VERZION OF TUC SANDWICH PANCL
OFTIMIZATION FPIVOCRAM USED TO COMPUTE
THE MINIMUM WCIGHT OF & ZANDWICH
FANCL REQUIRING SEVERAL DESIGN
VARIADLIS.,

N3ODF Bl THE PROGRAM IS SET UP
s GPTIMIZOD SANDWICH PANELE WITH
EITHER A FoAM OR HONEYCOMB CORE WITH
AN EDCEWISE COMFRESSIVE LOAD IN THE
A-DIRECTION OR Y-DIRECTION.

THE PROGRAM WILL BE MODIFIED TO
ALCUMODATE COTHER CONRITIONS,

{ JULY 15, 1950) UJDWR.T.

12/05/30

Figure 6a. LOGIN and Program Entry.
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'5‘

cestnde s SANDWICH FANEL OFTIMLZATION PIODGRAM SRR A ES s KK

PIOTHE Cilned TOT0T OF 0 VHE INPUT DETIRTDCY-YUZ N-GO) 0 - - =
Do e J00E JORE DELEREDCY YOS, N-NOD) ™ wemee c o e e Y
Uz A HEXAGON DR SRUARE CELL DESIRED(H,3) T = s mmmm e e
ARt I2OTROFIL FACES DESIREDCY-YES: N-NO)? ———=se—eem e 3 ¥
st agadta-irad LOAD AND EDGE CONDITIONS #3836 33 0 3 36 3 36 3 38 3 353 3
CNTER LOAD TYPE DESIRED

1-CRLEW LD COMPROILSTION X-DIR

Z-EDLEWILE COMPREZSLION Y-DIR
SMUMBE R - - - - - O S S |
ENTER .nc FANEL LDRE rnNDITInN' -

1-ALL EDOCE SIMPLE SUPPORT

~Z X-DIR CLAMPED. Y-DIR SIMPLE SUNFORT

Dok DR TDIMrLE DLPPORTY, Y-OIUR O CLAMPEDR

-t EDLEDT CLAMFEDR
NUMEE - R [ - m_n‘__w__m_mwm_m__umwmm-*_,Mm~m"_“:-L
SRR SR RET I S uI%EN"HN IN THE X=DIR ——mememee et 5
ciEE THI EOGD DIMENSLION IN THE V~DIR -—==r —vmmme oo B3

SNTER S Tel AL IED LGADTLE/IND)  mrrs o mmem e e 1000
ks ket da g gt DESIGN VARTADBLESD 338303 556 336 5 36 363 M 308 30 3 3 3t 3¢ 3¢
THE DL ION VARIABLES FOR THE FPANEL ARE AS FoLLOWS:
=T -T2 Z-To A-Z S-TF
ErTER THE NUMBER OF DESIGN VARIABLES AND
DEZLGN VARIADBLE CODES IN ASCENDING ORDER —— <= — e e im e E_i
ENTER THE INITIAL VALLES OF THE DESIGN VARIABLES

LT 2-T2 3-TC 4-% ==TF

R ST e s et 01,01 L7 2T 001

ENTER THE MINIMUM VALUE FOR Tl ~—r—mmre e e e e QO
ENTER THE MINIMUM VALLE FOR TL = e e eee it Q05
ENTES ToEl MINIMIM VALUE FOR T2 - e e s i e v ]
Ed.TERC THIE MINIMUM AND MAXIMUM VALUE FOR S - mmrm e g
ETER TRl ML IMiUM VALUE FOR TF = m e e e e e e e e
EnTER THE MAXIMUM THICENEZS OF THE SANDWICH PANEL~-—--——=—3 1,5
O R vl et st CORE PROPERTIES 363 3 3658 3t 35 3 3¢ # 3 3 81 3 3¢ 3¢ 36 3¢ 3636 3¢
ENTER THE DENSITY OF THE MOIL - e m e e v e ]
ENTER T MODULUE OF THE CORE —— s v e e e
ERNTER THE COMPREZLIVE ZTRENGTH OF THE CORE -—-———=oecmmmemee2 220

ENTER 1HE TRANSVERZE SHREAR MODULUS OF THE CORE ~——————- -—-: XSEZ
ENTER THE RATIO GUX/GCY OF THE CORE —————m—m e v 2.04
BRHEWEFE SRR HR AR HRNE FACE | FROFPERTIES 3333 3t 36 35 38 3 38 35 3+ 36 34 35 34 36 30 36 3
ENTER YOWNG % MODULUS OF THE FACE - ~-———m——mmmeme e e : 10E&
ENTER FOIZZON"Z RATIO OF THE FACE ~--————-v—m e e LR
ENTER THE DENZITY OF THE FACE ——=—-—me—r e L §

ENTER THE COMFRESSIVE YIELD STRESS OF THE FACE ——=—- : 50000
ENTER THE DEFLECTION WAVINESS OF THE FACE ————m—mee e : .001
WAttt witt FACE 2 PROPERTIES 33363 38 3 30 38 36 36 3136 36 38 3 36 36 3 9 8¢

ENTER YOUNG S MODULUS OF THE FACE —=e————m e : 10E4
ENTER FOISEUN'S RATIO OF THE FACE ~——~m e e T .25
ENTER THE DENZITY 0OF THE FACE -~ e e e N
ENTER THE COMPFRESSIVE YIELD STRESS OF THE FALE —————— : 56000
ENTER THE DEFLECTION WAVINESS OF THE FACE - ———————mmmm e : L0011
ARE THERE ANY CHANGES TO THE DATA(Y-YES'N-NQ)7 =——meemeea——— : N

vigure 6b. Input Data for Initial Desiqgn Iteration.
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SRR g ettt nnn OPTIMIZATION BEGINS 4895598 0030 00 55 36 08 00 0000 30 3690 90 48 ¢

FANEL NO. 1

bt OPTIMIZED SANDWICH PANEL 3 #3933 36 9 3t 3 36 3 3 3 3% 9%
DESIGN PARAMETERS

THE THICKNEZS OF FACE 1 SHOULD BE ~---- e ——— : . 024597
THE THICKNESS OF FACE 2 SHOULD BE --——--—-—————— : . 024597
THE THICKNESS OF THE CORE SHOULD BE --——-—-e—e——e : 1.042736
THE CELL SIZE OF THE CORE SHOULD BE --=--———-——-- s . 245888
THE THICKNE3S OF THE FOIL SHOULD BE --—--—--————- 3 . 004147

THE ABOVE VALUES OF THE DESIGN FARAMETERS YIELDS
A MINIMUM WEIGHT FOR THE SANDWICH FANEL TQ BE —---: 30.939994 LBS

THE FINAL CONSTRAINT VALUES ARE:

MINIMUM FACE 1 THICKENESS . 39794352E+01
MINIMUM FACE 2 THICKNESS « 3Y7FRL26EFOL
MAXIMUM SANDWICH THICENESS e 2714644620E+00
MINIMUM CORE THICZENESS P27 SE21IEHOL
COMPFRECGIVE YIELD FACE 1 . SVSLRTIZE+QQ
COMPREZSIVE YIELD FACE 2 e IVIZ4T7IZE+Q0
MINIMIM FOIL THIZENESS ~ATLIBES1E4+01
MINIMUM CELL ZIZE s FE71OZ71E+00
WRINELING FACE | .7417415S7E-0¢
WRINSLING FACE =& »<1C178S3E~-Q6&
DIMFLING FAZE 1 . FOT120Z4E+00
DIMFLING FACE 2 - 081 3024E+00
BUCKELING LOAD . 11335903E-046
MAXIMUM CELL 31ZE « 52308482E+00

Figure 6c. 1Initial Trial Design.
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T —————————

ARE THERE ANY CHANGEZ T0O THE DATA(Y-YEZN-NO)7? —~—v-oe—mm—m— H
IS & LIST OF FOSSIBLE CHANGES DESIRED(Y-YES,N-NO) T -~-———=-2
1-TYFE 1OF HONEYZOMB CORE
L-EDGE CONDITIONS
3-DIMENSION X-DIR
4-DIMENZION Y-DIR
S-AFFLIED LOAD
&-INITIAL VALUED
7-MINIMUM T1
S-MINIMUM T2
Y-MINIMUM T
1O-FMINIMUM RHOC (FOAM)
11-MINIMUM S (HONEYLZOMB)
12-MAXTIMUM S (HONEYCOME)
12-MINIMUM TF{HONEYCOMB)
14-71
15-TZ
110
17 -RHOC (FDAM)
1-2 (HOMEYCUME )
19=TF (HONEYZOME)
LO-CORE MATERIAL DENISITY
21 -CORE MODaLLE

l T2-CORE COMFREZESIVE STRENGTH

J<i<

L3-00RE TRANSVERIZE SHEAR MODULUS
Z4- CORE GOX/GCY RATIG
29 ¢MINGS MODLIEE FACE
DEVOUNGS MODUDLUT FACE
D7 -PUISE0ONDS RATIO FACE
SO-FPOIZTONG RATIO FACE
SE-vACRL 1 DENSLTY
I0-FALVE T ODENZITY

DI ACE 1 YIELD ZTRESD
SO ACE O YIELD STRESS
AHcorALE L DEFLECTION
Z4-FACE o DEFLECTION
Ep e THE NUMBER 3F CHANGES AND THE CHANGE CODES

(S S

FRUM THE LIST = ormmmsm o mmm s oo s ot ]
XCL-id) s, 01 L 01,75 .35, 001
ARE THERE ANY OTHER CHANGES (Y-YES)N-NQ) 7 —=-—~memmomm o : N

]
[ —
|

Figure 6d. List of Possible Changes and Data for New
Starting Point.
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Hmpaeitsinsttnncnnnntt OPTIMIZATION BEGINS 963 3¢ 53t 3 3 3 36 9 3 3 3 36 3 3 3¢ 3

FANEL NO. =&

g anrnng OFTIMIZED SANDWICH FPANEL #3383 345 5 5 36 3 3 30 30 3 3
DESIGN FPARAMETERZ

THE THICKNESS OF FACE 1 SHOULD BE -——————-—————= : . 028597
THE THICKNESS OF FACE 2 SHOULD BE —-———---——=—= -3 . 02485
THE THICKNESS OF THD CORE SHOULD BE ———---=——==-- : 1.04274¢
THE CELL SIZE OF THE CORE SHOULD BE ———=---=—=--1 . 247551
THE THICKENESS OF THE FOIL SHOULD BE ——=——w----===: . 004175

THE ABOVE VALLES OF THE DESIGN FPARAMETERG YIELDS

A MIMIMUM WEIGHT FOR THE SANDWICH FANEL TO BE ———-i el o pRde e Tarie

THE FINAL CONSTRAINT VALUES ARE:

MiNiMUM FACE | THILCEMNESS L BAPTRET2BE+O]
MINIMUM FAZE . THICZENEZI 37 HAT740E+01
MAX IMUM SANDWICH THICKNEZZ W27 1EIFTIEFO0
MINIMUM CORE THICKNESS . FAZT74554E+01
COMPRESSIVE YIELD FACE I .ngg-110E+OO
COMFRESZIVE YIELD FACE 2 « SFE3S110E+00
MINIMUM FOIL THICKNESS L APEIE305E401
MINIMIM CELL ZIZE . 73040827E+00
WRINELING FACE 1 . Z30S359SE-06
WRINELING TAZE 2 .438471061E-06
DIMPLING FACE 1  FOLFILZTEH00
DIMFLING FACE Z . POLDILZBEFOO
LUCHRLING LOAD . 7421904SE~-07
MAXIMUM CELL SIZE 51485915E+OO

Figure 6e. 1Initial Trial Design Recomputed.
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ARE THERE ANY CHANGEZ TO THE DATA(Y-YES,N-NO)7? --——-—m———e LI &
I A LIST OF rOSSIBLE CHANGES DESIREDC(Y-YES.N-NO) T —w-—---ed N

ENTER THE NUMBER OF CHANGES AND THE CHANGE CODES
FROM THE LIST —mmrmm oo m s oo 3 ]
X(L=N) —=emmem= 01 .01 29 L2585 ,001

ARE THERE ANY OTHER CHANGEZ(Y-YES,N-NO) 7 ———-m——rmem e i N
AL s H OF TIMIZATION EBEGINSD #5535 33 5 556 3 36 3 330 30 30 3

FANEL NO. &

H*HHEIEFHAH AN EF OIFTIMIZED SANDWICH FPANEL 33383 5 3 38 38 36 363 5036 36 3¢ 3¢
DESIGN FARAMETERS

THE THICENESS OF FACE 1 SHOULD BE ——————w=—wmooe
THE THICK OF FACE 2 SHOULD BE ——--m——wm—moe-

.0:4°OO

THE - WOOF THE CORE SHOULD DE - e oo
THE CELL =IJAE OF THE QORE CSHOULD BE —--—---——e— i 24O
THE THICENEZ OF THD FOIL SHOULD BE - ——ee mmer el .004146
| THE ALOVE VALULLS OF THE DESIGN PARAMETLRL YIELDD
{ A MINIMUM WELGHT 1TOR THE SANDWICH PANEL TO BE ----3 20.57379%3 LES

THE FINAL CTUNZTRAINT VALUEZ ARE:

MINIMUM FACE 1 THICENESS .
MINIMUM Foil & THICENESSD Lf
MAXLIMUM ZANDWICH THICKNESS

ﬁS?le«Ol
P4ZE+00

MINIvdM DORE THICKNESS .S
LUPERE S LVE YIELD FACE 1 )
LUMPRESZIVD YICLD FACE 2 ,
VeANIMOM ol THICENESS
MINIMOM COLL LIZ2E

Wi IE L ING AL o

W IMELINGD FAsl 2

HER QETEINE N T S | .

'1124E+OQ

GLMrLING FAZD s L1ZLE+Q0
Bt ING LOAD RSP TLDSBE-Q7
MAXTMIIM "Fi1 " T17F e 9251 0520E+00

Figure 6f. Data for New Starting Point and Recomputed
Initial Trial Design.

28

[} N )
 — — o i i-u-n-u——u-------n--i-u---ﬂ-i----‘




ARE THERE ANY CHANGES TO THE DATA(Y-YES,N-NQ)}7? —--——-mm—w—=3 ¥
IZ A LIET OF POSSIELE CHANGES DESIRED(Y-YES,N-NOQ) P ———me—- i N
ENTER THE NUMBER 2OF THANGES AND THE CHANGE CODES

FROM THE LIST -=--- T I W~ W
E s o w10 o 4 St e rimen e 6 e o e _';::4. "" l.'_' '3

F' e e e o s o s e s e l
(G0 e emmimee = ROEL

R —ommmo s e e 3 4L
ARE THERE ANY OTHER CHANGES (Y ~YLEZH N-NCD) T e oo e 1 Y
WdedHS H R4 HAHRy OPTIMIZATION DEGIND X3 ARt e n iy

FaNEL . &

ittt na k4 ¥n L TIMIZED SANLWICH FPANEL H a4t fahs
RESIGN PARANMETERS

THE THIGERZDE OF FAcE 1 SHOULD BE —--eoees oo - o

TAD MHICENEDD i Falnd o Shabin pE -

THE T D DORE SHOWLD DR

THE COE ToD CORE LHOULD DR - e e
WE

T HE VLT D TGl SROULD o

T T T e LOR0L:

TR AL eI D THZ DESION TARAMETCRI YICLDE

Ao s WL IGHT T THE SARNDWICH MANEL T2 pE - -

12.724212 LES

R . o R e A - ~ R e
TAD S lise ULNSTRAINT VALUED ARL:
HY RS Sia i

PAT N
pora Al

e Dol vl Do TH

Pord o TR THIDEN 130070 +01
B DR TANS SN O SRS AN | SELTRTIE+00

Cuh SLSt IV VILLD FAaCE 2
WL TG, Tl TN s L7207 7E4+01
PIniDredi JULL 5220 « 833411445+ 00
Wh i iies FalE 1 T1ALTLIE-CQG
WRIMLING FAZED 2 - D12820T1E-G&
o TR TRl ED 1RE 44T 0E+O00
DL UNG TACT o 4

Z‘J PRL I .(I 1:;1 ‘--'-n'-;[l

MAXIMUM CELL <1ZE

YLl =-07
«SYIBT5411E+QQ

Figure 6g. Change Data for 1/4 - 5052 ~ ,004 Core and
Associated Design Results.
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ARE THERE ANY CHANGES Tﬁ
oA Lol ur oo

ENTER THE NUMERER H(
FROM THE Ll_

[ e s 14()L

[ e e e e G

_-HANLI

D T T
FU oo e s e e e T

ARE THERE ANY STHER CHANG
R F e AR AU R OFTIM

A

b s R4 SRR H N DFTIMI
DEZ

THE SOOF FAaE 103
THE -~ OF FAlZE & %
THE THICENEZS OF THEZ CORE
THE CELL SIZLD OF THE ZORCE
THE THICHENELZG OF THE FOIL

THE ABOVE VaLUEZ OF THE D
A MINIMUM WELGHT T3 THC

THE FINAL CONZTRATINT VALL
MINIMAT THLC o THICHENE
ARIMUR SALE T THICENE
MAX 1M _HNUWL'H THIC
RN R LR T L rNL-_-:-
LA T C'”E YIiCLLO FACE
CopPRESZIVE YIELD FACE
MIMIMOM FOLL THICENESS
MIBMIMUM CCLL 21 ZE
WRIMKLING FAZEC 1
WRIINEL Didis FALD &
DIMPFLINMG FAZE |
SJIMPLING FRCE 2
BUCHLING LGAD
MAXIMUM CELL =1ZE

Figure 6h. Change Da

Associate

rHL DETAUY-YESLSN-NQ) ™ - - e e e
GESIREDCOY YIS W-p) ™ - - i N
Eg AND THC CHANGLE SOl

ES(Y-VYEZS N-NO} T - - mmmme om0 iL
IZATION EBEGINSD #5436 38 3654 5% 3 5 36 83 36 50 3 3¢

NEL N, b

ZED SANDWICH FANEL sttt i n s inx
.IGN FARAMETERS

HOULD BE —- ~e——m e
HOULD DE - - om mmmem e
SHOULD BE = = e o oe o 8
SHOULD BC - =-m o me o
SHOULD DE - - = e

ESIGN PARAMETERIZ YICLDS
SANIWICH FANEL TO BE - --—-:

EZ ARE:
S5 2427144 2E+01
,,:'4‘_';1 il J_L‘i(b;

r"} [x'll
[0y}
D}

. 1747280704

"7744E—ﬂ"

.443g4‘UOE+UU

ta for 1/4 - 5052 - ,002 Core and
d Design Results.
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ARE THERE ANY CHANGES TO THE DATA(Y-YES,N-NQ)7? —-ee- cme—emy
IS5 A LIST OF PUSSIRLE CHANGES DESIRED(Y-YESIN-NQ) 7 ~~—-—w e
ENTEIC THE NUDBER OF CHANGES AND THL CHANGE IUUL_

FROM THE LLJI e S S 3 Sy e ey
E —vimmimim "'“'""»'OL - - . e
F.' o e o i mt e e cma e as i
l:J!J e crm et s e v w o e e
F\ e e e ot e b e
ARE THERE ANY UTHER CHANGES (Y~-YES,N~-NO) 7 e e e
gt sttt st OFTIMIZATION BEGINS #3363 983t 30 3 30 3 3 3t e 3t e e &

LI
1z«

|4

FANEL NO. <&

Sttt OFTIMIZEDRD SANDWICH FANEL 333638 3630 36 38 3¢ 38 3¢ 36 3 5 3¢ #
DESIGN PARAMETERS

THE THICENEZSZ OF FAZE 1 SHOULD BE ~——---=——r—e 2 LQZ30%E
THE THICENES:S FACE 2 SHOULD BE - == ~—mmmmm e 024055
THE THICKENEIZ: OF THE CORE SHOUMWLD BE —--—meeee—ei 1.03L755
THE CELL S1ZE OF THLD CORE SHOULD BE --——--——- = : L 247145
THE THICKNEZZ OF TriC FOIL SHOULD BE ———-—— cmmm o . 0QZET0

THE ABUVE VALUED OF THE DESIGN FPARAMETERT YIELLDS
A MINIMUM WEIGHT FOR THE SANDWICH FANEL TO BE -—--3 Z2.212107 LBS

THE FINAL CONZTRAINT VALUEZ ARE:

MINIMUM FACE 1 TRHICHRESS O3 1AL1PE+01
MINIMIM FALE & THICKNESS CI3BL1AS7SE+OL
MAX IMIM SANDWICH THICKNESS w27 6ELR2IEFQ0
MINIMUM JORE THICENESS - PIEID4TSEFCL
COMPRE IVE YIELD FACE 1 «DE434200E+00

CIOMPREZSIVE YIELD FACE 2 . S8434200E400
MINIMUM FOIL THICKHNESS LA45571513E+01
MINIMUM ZELL SIZE « PYPBLLEZEEE+QO
WRINKLING FACE 1 159294002E-0%
WRINSLING FACE Z &LE3IZT7T7I7E-O&
DIMPLING FACE 1 .;95522/4:+Ou
LIIMELING FACE 2 L BPRSL2SSE+00
BUCELING LOAD - 3T7S4V2TE-0G
MAXIMIIM CELL SIZE - 50514543E+00

Figure 6i. Change Data for 1/4 - 5052 - .0015 Core
and Associated Design Results.,
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ARE THERE ANY CHANGE3S TO THE DATA(Y-YES,N-NO)? ———-we—w-——- :
1 A LIZT OF MOSSIBLE CHANGES DESIRED(Y-YES N-NO) T ——————=:
ENTER THE NUMBER QF CHANGES AND THE CHANGE CODETD

FROM THE LIST =-rmrmsoommmm e m et 4 21 22 23 24

E._ ot o e = e m s et mm amm e

l:.' - e e

Gl e e e
o !

ARE  THERE ANY OTHER CHANGES (Y=YES ) N=ND) T v mmm s e een ﬂ
S e s et ettt H OFTIMIZATION REGINGS St 036 505 3 305 3 5 3 3 3 333 %

FANEL No. 7
Rttt gRa e OFTIMIZED SANIMNICH FPANEL 3303383303 8 2568 3 X % %

DEZIGN FARAMETERS

THE THICHRNE:

CF FRCE 1 SHOULD BE ——=—m————- -y
THE TiATCWNL 2F FACE 2 ZHOULD BE --—-—mm—mmeme g
(HE THICKNELS OF THE CORE SHOULD PE -—-———-—eoe——i
THE CELL SLZE OF THE CORE SHOULD BE -—-w—-—e et
FHE THICENEDZS OF THE FOIL SHOULD BL ——e—e—e ol

VHE ABOVE VELADD OF THE DESIGN MARAMCTERES vICLDE
A FTINIRLN WIZLIGHT Fufe THE SANDWICH PANEL TO BE -~ -3 AR ST Ar gy

THE FINAL COMITRAIMNT YALUES ARLE:
MINIGAM FACC L THICENEDS
MINIMIM FA&IL © THICENESS
MaaXiiahi CANDWICH THICKENEZD
MINIMiIM ZORT THIZENEZSS
COMPRESSIVE YIELD FACE 1
COMPRESTIVE YIELD FACE 2

MIMNIMEM JOlL THICENESS

MMM CELL DIZE

WHRIMNELCGNG FAZE 1

C31AALIOOTE+O]
S1661014E401
JOLZILO0E+Q0

WRINFL ING FACE o .5:4/U#UUL Ub
DIFFL LG FACE 1 247441 L9E+00
DI tNG FACE Z .J4I44174C+uu
BUCEL Dnh LGAD CLAGTLZZAE 06
MAX IMUM CELL =SI1ZE cSBTEZEPT74E+Q0

Figure 6j. Change Data for 1/4 - 5052 - .0025 Core and
Associated Design Results.
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Figure 6k. Short Form of Data Input, Fixing the Core
Properties, and Final Design Results.
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complete. A series of commands is then issued to retrieve the
FORTRAN source code from permanent file storage, to compile the
source code and create a binary deck, and to execute the
created binary code. A printed message indicates that the
SANOPT program has been entered successfully, and an interactive
design session has been initiated.

(b) Figure 6b

Figure 6b contains a series of program prompts and
user responses to define completely an initial panel
optimization problem. The data are input in seven distinct
sets as designated below:

1. General Data

The first group of input data prompts and
responses is a series of questions which have non-numerical
responses, There are two forms of data input, the long form
and the short form. In the case of the long form, the prompts
are self-explanatory. The short form generally takes less
time for data input, but the prompts are brief, with the data
required being identified only by the variable names of
Paragraph 3.2. The long form is requested here; the short
form will be considered later. A honeycomb type core with
hexagonal cells is specified and the faces are identified
to be isotropic.

2. loading and Edge Conditions

The load type is specified to be an edgewise
compressive load on the x-edges of the panel, the panel is
simply-supported all around, the planform dimensions are
80" x 40", and the applied edgewise compression load is
1000 1b/in.

3. Design Variable Data

The possible sandwich panel design variables
are defined in Paragraph 2.4. In the case of honeycomb core
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these are: the thickness of face 1 (Tl), the thickness of face 2
(T2), the depth of the core (TC), the honeycomb cell size (S),
and the honeycomb foil thickness (TF). The user is free to
define any or all of these possible design variables as the
actual design variables. In this case all five of the

possibilities are selected as design variables. The initial
values of the design variables define a point in the
multi-dimensional design space from which the optimization
process will start. The parameters in those constraints which
apply directly to the design variables (see Paraqraph 2.6) are
then defined by specifying minimum and/or maximum values of the
design variables. Here the minimum gage of the faces is taken
to be .005" the minimum core thickness is .1", the minimum and
maximum cell sizes are 1/8" and 3/8", the minimum foil gage is

.0007", and the maximum total sandwich is defined to be 1.5".
4. Core Data

The next set of input data refer to the sandwich
core. In our example, the core is aluminum with weight density
of .1 1b/in3. The transverse modulus, compressive strength,
shear modulus (in the load direction), and the ratio of the two
shear moduli have been taken arbitrarily (for the time being)
to correspond to the honeycomb core 1/8 - 5052 - .0007 in
Figure 5. These values must be set before the minimization
is initiated because they are used in the computation of some
of the constraints (Paragraph 2.6). Obviously, the minimum
weight core configuration will not in general correspond to the
assumed initial core properties. Our procedure will be to
determine a minimum weight panel using a core with properties

in Figure 5. This will be an iteration process as seen below.

5. Face 1 Data

The next set of data in Figure 6b refers to
face 1 properties. 1In this case, face 1 is an aluminum sheet
with modulus of 10 x 106 psi, Poisson's Ratio of .25, weight
density of .1 lb/in3, and compressive yield stress of 50,000 psi.
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The initial waviness of the face sheets (i.e., the face is not
perfectly flat) is .001"; this value is used to calculate the
panel wrinkling stress (Chapter 3 of Reference 6) for evaluating
the wrinkling constraints.

6. Face 2 Data

This data is the same as that for face 1 since we
have identical faces.

7. Data Termination

The final prompt is an inquiry as to whether
there are any changes to be made to the data. At this point, the
answer would be "Y" if some mistake had been made in entering
any of the data in Figure 6b; then the user would be permitted
to change any of the data. 1In this case we choose to accept the
inout data by answering "N". This causes the SANOPT program
to terminate the data input phase and to begin the optimization
process.

(c) Figure 6¢

This figure presents the results of the panel
optimization using the physical data and the initial panel
design variables provided in Figure 6b. The final values of
the design parameters are indicated as well as the minimum
weight computed from the final design parameters. Also given
are the values of the various constraint functions (Paragraph
2.6) which apply to this design example. 1In this case, the
final values of the design parameters have been influenced by the
wrinkling constraints and the panel buckling constraint. That
is, if a panel were built with the calculated design parameters,
it would be that acceptable panel with the least weight but
would be on the verge of face wrinkling and gross panel buckling.

(d) Figure 64

This figure indicates the procedure for making one
or more changes to the set of data input in Figure 6b., Here we
specify that we wish to change data, and reques. that a listing

¢ !
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of all possible changes be presented; in response a list of 34
possible data changes is printed. We specify that a single data
change be made, and in particular that the initial values of the
design parameters be altered. The particular values of the
initial parameter values are then input for the five design
variables. An indication that no other data changes are to

be made then initiates the optimization process with the new
starting point in the design space.

The reason for making the change in the starting

; point in the design space at this stage of the panel design
process is to ensure that a valid minimum weight has been
obtained, and not just a relative minimum. Therefore, a new
starting point is specified and the minimum weight is
recomputed; if the same final values of the design parameters
and the same minimum weight are obtained then one can be
relatively sure that the proper minimum has been found.

(e} Figure 6e
This figure presents the results of the optimization
using the new starting point in the design space. The results

are the same as those computed before.

(f) Figure 6f

This figure defines yet another desiqn starting
point but this time not requesting a complete listing of the
possible changes. The results again are identical to the
original problem.

(g) Figure 6

Although the design computed above represents a valid
optimum design for the data input in Figure 6b, the core is not
realistic according to what is available commercially. The
design on Figure 6c calls for a core with cell size of about 1/4"
and a foil thickness of about .004". It is apparent from Figure
5 that no core is available with these dimensions which also has
the material properties input in Figure 6b, Therefore, we must
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try various cores from Figure 5 until we get a minimum design
with consistent material properties and geometry.

Figure 6g contains alterations to the data to
correspond to core 1/4 - 5052 - 004 in Figure 5. This time the

optimized design calls for a core with cell size again 1/4"

but with foil thickness of .002". The optimized panel weight

is some 12 1b. lighter than the weight of the initial trial
design but it is not feasible because there is no core available
with the calculated cell size and foil thickness which has the
properties specified in Figure 6g.

(h) Figure 6h

Here, guided by the results of the previous trial

design, we change the core properties to those of 1/4 - 5052 -~ ,002
in Figure 5. The optimized design for these properties is
shown on Figure 6h.
(i) Figure 6i
This figure contains the data changes and the
corresponding results for core 1/4 - 5052 - ,0015.
(j) Figure 63
{ , This figure contains the data changes and the
corresponding results for core 1/4 - 5052 - ,0025.
(k) Figure 6k

The core cell size and foil thickness computed

(.240961" and .002705") in Figure 6j are very near the
corresponding values for the 1/4 ~ 5052 - .0025 core whose
material properties were input for that trial design.
Therefore, we accept the 1/4 - 5052 - .0025 core as the €final
core to use in the optimum design.

Figure 6k illustrates the use of the short form of the
data input in which we specify only three design parameters, the
two face thicknesses and the core thickness. The cell size and
E the foil thickness are preset to .25" and .0025", respectively.
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All other data are the same as for the Figure 63 trial design.

The final optimized panel design parameters are shown on

Figure 6k. In particular, the face thicknesses should be .021904"
and the core thickness should be 1.050198" to give an optimized
weight of 22,980527 1b.

(1) Fiqure 61
This figure illustrates how to exit from the SANOPT
program, and the logout procedure.
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SECTION 4
CONCLUSIONS AND RECOMMENDATIONS

An approach to the optimum design of flat, rectangular
sandwich panels subjected to edgewise compression loading has
been developed. Using a nonlinear programming method called the
Sequential Unconstrained Minimization Technique, the design
parameters characteristic of sandwich construction are determined
so that the final panel configuration is not just an acceptable
design, but is the best acceptable design as far as total panel
weight is concerned. The design parameters are the individual
thicknesses of the top and bottom face sheets and of the core,
the cell size and foil thickness of honeycomb core, and the
density of foam core. The acceptable ranges of the design
parameters are limited by constraints which ensure, for
example, that the thicknesses are within minimum and maximum
limits, that the faces do not yield, wrinkle, or dimple, and
that the panel does not buckle. Possible panel loads are
edgewise compression in two directions.

The computer program which implements the minimum weight
sandwich panel design procedure is an easy to use interactive
code. Data are entered by the user in response to self-
explanatory prompts from the program. The user is offered
the opportunity to change data before the optimization procedure
is initiated. The results of the minimum weight computations
are presented to the user within a few seconds in a concise
yet informative format. Typical output data include the
optimum values of the design variables, the minimized panel
weight, and final values of the design variable constraints.

The results obtained here indicate that the minimum
weight design of sandwich panels using an analytical optimization
procedure can be effective. The particular panel geometry and
loading considered are of limited scope so that the analyses
required during the optimization process can be performed
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using closed form approximate solutions. If the analytical
optimization concept is coupled with an efficient finite
element analysis procedure, then more complex structural
configurations can be considered.

A useful extension to the work presented here would be
to integrate the sandwich panel optimization procedure into
a multilevel design approach.8 The multilevel design technique
combines the advantages of optimality criteria approaches9 and
of constrained optimization procedures such as the one presented
here for the design of sandwich panels. If the multilevel
design philosophy were adopted, then for example, complete
aircraft wings could be designed for minimum weight. 1In this
case sandwich panels would be only a part of the total structure.
It is recommended that an effort be undertaken to extend the
existing methodology for optimization of structural sandwich
designs to more general structures including sandwich having
laminated composite faces, and aircraft wing structures
utilizing sandwich components.
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